The present study was carried out to evaluate the microstructure and mechanical properties of Inconel 600 subjected to laser-assisted hybrid friction-stir welding (HFSW). In this process, friction-stir welding (FSW) was performed at a constant speed (400 rpm) while a 2-kW YAG laser preheated the material just in front of the rotating tool. We found that HFSW was 1.5 times faster than conventional FSW. In addition, analysis of the grain boundary character distribution by electron back scattered diffraction (EBSD) showed that the increased welding speed and dynamic grain recrystallization caused the average grain size to decrease from 5.5 mm (in the base material) to 3.2 mm (in the stir zone of the welded specimen). This grain refinement led to 30% and 10% improvements in microhardness and tensile strength, respectively.
Introduction
Ni-base superalloys are widely used to manufacture parts for power plants, gas turbines, and marine systems because of their excellent corrosion resistance, fatigue resistance, hightemperature strength, workability and weldability. 1, 2) However, Ni-base superalloys are not compatible with traditional fusion welding techniques because the large heat input can cause Cr segregation at the grain boundaries, thereby causing material degradation such as hot cracking and corrosion. 3, 4) Thus, the recommended alternative at present is friction-stir welding, which keeps the material in the solid state due to its lower heat input. 5) However, FSW of Ni-base superalloys which retain their strength at high temperature is much more difficult than that that of materials with lower melting points, such as Al and Mg alloys. 5, 6) Increased tool wear occurs because of the high load between material and tool, and this also reduces the welding speed. These issues can be addressed by hybrid friction-stir welding (HFSW) techniques, wherein the downward load between tool and material is reduced by using an additional heat source such as TIG arc, plasma arc, or YAG laser beam.
Laser-assisted hybrid arc welding has attracted considerable attention because of its many advantages: deeper weld penetration, higher welding efficiency, and fewer weld defects. [7] [8] [9] [10] For these advantages, hybrid methods can be easily applied to welding process as couple of welding method, such as laser-arc, laser-TIG, laser-MIG and laser-FSW. [7] [8] [9] [10] [11] A recent report showed that HFSW is faster than the conventional method for materials with high melting points, such as steels, because of the reduced downward force between material and tool.
11) However, to the best of our knowledge, the effects of HFSW on Ni-base superalloys have not been previously reported. Therefore, we carried out HFSW of Ni-base superalloys and evaluated the changes in the microstructure and mechanical properties with increasing welding speeds.
Experimental Procedure
The material used in this study was Inconel 600, whose chemical composition is shown in Table 1 . For HFSW, sheets of the material were prepared with the dimensions of 150 mm Â 75 mm Â 2 mm. HFSW was carried out using a WC-Co tool with a shoulder of diameter 15 mm and a probe of diameter 6 mm and length 1.8 mm. Furthermore, to achieve good weld quality, the tool was tilted 3 forward from the vertical, and argon gas was used to prevent surface oxidation during welding. A 2-kW YAG laser was the preheating source; the laser was incident on the material surface at an angle of 45 forward from the vertical, as shown in Fig. 1 . HFSW was performed under the following conditions: tool rotation speed, 400 rpm; downward force, 22:5 Â 10 3 $35:3 Â 10 3 ; and traveling speed, 300$450 mm/min.
To observe the macrostructures and microstructures of the welded specimens, a solution composed of 97 mL HCl, 2 mL HNO 3 and 1 mL H 2 SO 4 was prepared, and the surfaces of the samples were etched with this solution after polishing them with abrasive paper. Electron back scattered diffraction (EBSD) was then employed to evaluate the grain size and grain boundary character distribution (GBCD) in the base material and the stir zone. The samples were prepared for analysis by polishing them by using a Vibromet after mechanical polishing. EBSD analysis of the weld zone was carried out by using TSL-OIMÔ incorporated with SEM. In order to evaluate the mechanical properties, a Vickers microhardness test and tensile test were carried out. The Vickers hardness test was carried out along the cross section of the weld zone using a load of 9.8 N and a dwell time of 15 s. Two types of tensile test specimens were used in the tensile tests to evaluate the transverse tensile strength of the welds and the longitudinal tensile strength of the stir zone, as shown in Fig. 2 .
Results
The weld profile of a hybrid friction-stir welded Inconel 600 sheet is shown in Fig. 3 . At welding speeds of 300 and 450 mm/min, the specimens were perfectly welded without causing any surface defects, as shown in Fig. 3 . The macrostructures of samples welded at speeds of 300 and 450 mm/min are shown in Fig. 4 . At 300 mm/min, the weld penetrated 1.9 mm into the specimen without introducing any defects in the stir zone; however, a band structure was observed at the center of the stir zone, as shown in Fig. 4(a) . At 450 mm/min, the penetration depth was lower, but a similar band structure was still observed at the center of the stir zone, as shown in Fig. 4(b) .
The temperature hysteresis of the stir zone at the two welding speeds at a constant rotation rate is shown in Fig. 5 . Measurements for temperature hysteresis were carried out at the center of the weld zone along the bottom surface of the plate during the HFSW. At 300 mm/min, the maximum temperature in the stir zone was 810 C, as shown in Fig. 5 , and at 450 mm/min, the maximum temperature in the stir zone was observed to be 845
C. This increase in maximum temperature at 450 mm/min can be explained by the higher downward force exerted by the tool (35:3 Â 10 3 N) when compared to that exerted by the tool at 300 mm/min (22:5 Â 10 3 N). Furthermore, this increase in the welding speed led to an increase in the relative cooling rate; thus, the sample welded at 450 mm/min cooled more rapidly than that welded at 300 mm/min. The grain boundary maps of the base material and stir zone are shown in Fig. 6 . Prior to welding, the base material consisted of grains ranging in size from 2 to 25 mm, with an average grain size of 5.5 mm, as shown in Fig. 6(a) . The application of HFSW led to grain refinement in the stir zone, and the grains were more refined at high welding speeds. As a result, the grain size in the stir zone of the specimen welded at 300 mm/min ranged between 1 mm and 15 mm with an average grain size of 3.8 mm, as shown in Fig. 6(b) , and the grains in the specimen welded at 450 mm/min were more refined, with an average grain size of 3.2 mm, when compared to those in the specimen welded at 300 mm/min, as shown in Fig. 6(c) .
The GBCDs of the base material and the welded specimen are shown in Fig. 7 . More than 95% of the distribution in the Grain boundary maps of (a) base material and (b) specimen subjected to hybrid friction stir welding at a welding speed of 300 mm/ min, and (c) specimen subjected to hybrid friction stir welding at a welding speed of 450 mm/min; gray, black, and red lines indicate lowangle boundary, high-angle boundary, and annealing twin boundary, respectively. base material was composed of high-angle grain boundaries (>15 ), as shown in Fig. 7(a) , and more than 24% of the distribution was composed of 60 in grain-boundary angles; these high-angle grain boundaries were identified by the presence of an annealing twin boundary, which is usually observed in fcc metals that have a low stacking-fault energy. More than 87% of the distribution in the specimen welded at 300 mm/min was composed of high-angle grain boundaries, and 11% of the distribution was composed of annealing twin boundaries; the percentage of annealing twin boundaries in the welded specimen was less than that of the annealing twin boundaries in the base material, as shown in Fig. 7(b) . More than 90% of the distribution in the specimen welded at 450 mm/min was composed of high-angle grain boundaries, and 10% of the distribution was composed of annealing twin boundaries similar to those in the specimen welded at 300 mm/min, as shown in Fig. 7(c) . Changes in grain boundary distributions with increasing welding speeds are shown in Fig. 7(d) .
Microhardness distribution in the welded specimens is shown in Fig. 8 . The Vickers microhardness of the base material ranged between 185$197 Hv, with an average microhardness of 192 Hv, as shown in Figs. 8(a) and (b) . The Vickers microhardness at the stir zone of the specimen welded at 300 mm/min was greater than that of the base material and ranged between 200$242 Hv, as shown in Fig. 8(a) . The microhardness of the material increased with an increase in the welding speed; thus, the Vickers microhardness of the specimen welded at 450 mm/min ranged between 210-250 Hv, as shown in Fig. 8(b) .
The top views of the specimens subjected to the tensile tests are shown in Fig. 9 . Under the tensile load, the base material elongated and broke along its center, as shown in Fig. 9(a) . However, the HFSW joints welded at 300 mm/min and 450 mm/min were fractured at the base material, as shown in Figs. 9(b) and (c). The stir zone specimens were also elongated and broke, as shown in Figs. 9(d) and (e) .
Results of the tensile tests on the hybrid friction stir welded specimens are shown in Fig. 10 . The base material exhibited an ultimate tensile strength (UTS) of 698 MPa and 38% elongation, as shown in Fig. 10 . The increase in the welding speed led to a slight increase in UTS and to a decrease in elongation. As a result, the UTS along the transverse direction of the welded specimens were 718 and 728 MPa at 300 mm/min and 450 mm/min, respectively, and the elongations were 30% under all conditions. The stir zone specimens exhibited an UTS of 736 and 758 MPa at 300 mm/min and 450 mm/min, respectively, which is significantly higher than the UTS of the base material, while the elongations were 30% and 28% at 300 mm/min and 450 mm/min, respectively.
Discussion

Effects of HFSW
In the present study, the effects of HFSW, which employs a YAG laser as a preheating source, are observed. By applying conventional FSW at a rotation speed of 400 rpm and a downward force of 22: 5 Â 10 3 N exerted by the tool on the material, the material was perfectly welded at a welding speed of 200 mm/min without any defects in the weld zone.
12) However, the application of the preheating source was effective in increasing the welding speed. As a result, the material was welded at a speed of 300 mm/min, which is faster compared to that of the conventional FSW. This could have resulted from the decrease in frictional load between the material and the tool. In other words, by using a heat source during FSW, the axial downward force exerted by the tool on the material decreases due to the creation of a preheated zone by the YAG laser irradiation. As a result of this, it is easier to initiate plastic flow in HFSW when compared to conventional FSW. Therefore, the application of a heat source in FSW can effectively increase the welding speed without causing defects in the weld zone.
Grain refinement
The application of HFSW led to grain refinement, and the grains were more refined at higher welding speeds. As a result, the average grain size in the stir zone decreased from 3.8 to 3.2 mm at 300 mm/min and 450 mm/min, respectively; the grains in the stir zone were more refined than those in the base material (5.5 mm), as shown in Fig. 6 . This result shows that at the same rotation speed (and hence equal downward forces exerted by the tool), the grains in the material subjected to HFSW were more refined than those in the material subjected to conventional FSW (4.4 mm).
12)
Grain refinement during HFSW can be explained by the dynamic recrystallization of the grains in the material. In other words, HFSW is accompanied by high strain rate (stored energy) and frictional heat between the material and the tool, and the strain rate increases by increasing the welding speed. Moreover, the distribution of peak temperature during HFSW was approximately 810 C and 845 C at 300 mm/min and 450 mm/min, respectively. These temperatures were sufficient to recrystallize the grains of Inconel 600, and the relative cooling rate was increased by increasing the welding speed, as shown in Fig. 5 . Therefore, the high strain rate and sufficient heat input at high welding speeds can lead to effective dynamic recrystallization of the grains of the material, thereby resulting in a refined grain structure.
The material used in this study was Inconel 600, which is a fcc metal that has low stacking-fault energy. When compared to the materials with high stacking-fault energies, such as Al alloys, these materials can easily undergo dynamic recrystallization; however, it is difficult to rearrange the dislocation through dynamic recovery of the material. 13, 14) In other words, during HFSW, these materials can form recrystallization nuclei more easily than the materials with high stacking-fault energies; the number of recrystallization nuclei formed can be increased by increasing the strain rate, which can be increased by increasing the welding speed. Therefore, the recrystallization nuclei can be formed simultaneously at the grains and the grain boundaries that have a high density of dislocations. As a result, the grains can be made more refined by increasing the welding speed.
Improvement in mechanical properties
Mechanical properties such as the microhardness and tensile strength of the material were increased by the application of HFSW. This can be explained by the grain refinement in the stir zone. The microhardness of the base material ranged between 185$195 HV; however, the microhardness of the stir zone ranged between 205$245 HV at 300 mm/min and 210$250 HV at 450 mm/min; these values are much higher than the microhardness of the base material, as shown in Fig. 8 . This increase in microhardness was caused by the grains in the stir zone, which were more refined (3.8 mm at 300 mm/min and 3.2 mm at 450 mm/min) when compared to the grains in the base material (5.5 mm), as shown in Fig. 6 . Hence, this study successfully proves the effect of grain size on the mechanical properties of the materials by showing that the microhardness of the materials can be increased by increasing the extent of grain refinement.
In the transverse tensile test of the joint, the base material first deformed and then broke, as shown in Fig. 9 , which can also be explained by the grain size in the stir zone. The grains in the stir zone were more refined than those in the base material. As a result, the base material could be deformed and broken more easily when compared to the stir zone specimens. Moreover, while testing the longitudinal tensile strength of the stir zone specimens, the tensile strength of the specimens was increased by increasing the welding speed, which increased the extent of grain refinement, as shown in Fig. 10 . Therefore, this test showed the effect of grain size on the tensile strength of the specimen. properties of hybrid friction stir welded specimens.
Conclusions
Hybrid friction stir welding can be successfully performed at welding speeds of 300 and 450 mm/min by using a YAG laser as the preheating source without causing defects in the stir zone. Owing to the increase in the welding speed of HFSW, the average grain size in the base material (5.5 mm) was decreased to 3.8 mm (300 mm/min) and 3.2 mm (450 mm/min) in the stir zone, accompanied by the dynamic recrystallization under all conditions. This grain refinement was effective in improving the mechanical properties, and as a result, the microhardness notably increased from 190 Hv (in the base material) to 250 Hv (in the stir zone) by increasing the welding speed. The tensile strength also increased from 698 MPa (in the base material) to 758 MPa (in the stir zone); it was observed that the base material broke under all joint conditions. Therefore, the application of HFSW by using YAG laser as the preheating source is effective in increasing the extent of grain refinement and improving the mechanical properties of Inconel 600.
